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The generally accepted hypothesis on cerebrospinal fluid 
(CSF) hydrodynamics suggests that CSF is actively formed 
mainly by the choroid plexuses, circulates unidirectionally 
along the brain ventricles and subarachnoid space, and is 
passively absorbed mainly into the dural venous sinuses. 
CSF formation rate (V f ) has been extensively studied using 
the ventriculo-cisternal perfusion technique and the re- 
sults have been used as the key evidence confirming the 
mentioned hypothesis. This technique and the equation 
for V f calculation are based on the assumption that the di- 
lution of the indicator substance is a consequence of the 
newly formed CSF, ie, that a higher CSF formation rate will 
result in a higher degree of dilution. However, it has been 
experimentally shown that the indicator substance dilu- 
tion inside the CSF system does not occur because of a 
"newly formed" CSF, but as consequence of a number of 
other factors (departure of substances into the surround- 
ing tissue, flowing around the collecting cannula into the 
cortical and spinal subarachnoid space, departure into the 
contralateral ventricle, etc). This technique allows "calcula- 
tion"ofthe CSF formation even in dead animals, in an in vit- 
ro model, and in any other part of the CSF system outside 
the ventricles that is being perfused. Therefore, this meth- 
od is indirect and any dilution of the indicator substance 
in the perfusate caused by other reasons would result in 
questionable and often contradictory conclusions regard- 
ing CSF formation rates. 
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According to the classic hypothesis of cerebrospinal fluid 
(CSF) physiology, CSF is actively formed inside the brain 
ventricles, after which it flows unidirectionally along the 
subarachnoid spaces to be absorbed into the venous si- 
nuses across the arachnoid villi and/or via the paraneural 
sheaths into the lymphatics (1-8). Thus, CSF physiology is 
based on three key premises: 1) active CSF formation (se- 
cretion; V f ) inside the brain ventricles mainly by the chor- 
oid plexuses; 2) passive CSF absorption (V ) mostly into the 
venous sinuses on the brain surface via the villi arachnoi- 
dales; and 3) unidirectional CSF flow from the site of for- 
mation to the site of absorption. This hypothesis has so far 
been presented as a proven fact in all textbooks and re- 
view articles. 

The hypothesis states that in physiological conditions CSF 
secretion and absorption inside the CSF space are unques- 
tionably balanced: 

V f =V [1] 

In other words, the secreted CSF volume (inside brain ven- 
tricles) has to be the same as the passively absorbed CSF 
volume (into the venous sinuses and/or lymphatics). If this 
is not the case, a pathological state may occur (eg, hydro- 
cephalus). The same is true for the CSF flow (circulation; 
Q CSF ). Namely, CSF secretion and absorption take place at 
different CSF system sites, and therefore the flow rate (Q CSF ) 
between these two sites has to be of the same magnitude 
to keep V f equal to V 

V f =Q CSF =V [2] 

Thus, CSF secretion changes should be passively followed 
by CSF flow and absorption changes, in order to main- 
tain the physiological state inside the CSF system. We can 
conclude from this that active CSF secretion is the main 
generator of the CSF circulation, to maintain the physi- 
ological CSF volume (9). Therefore, it is extremely impor- 
tant to use a precise and reliable method for CSF forma- 
tion measurement. 

However, based on our experimental results, we have re- 
cently seriously brought into question the plausibility of 
this, a nearly hundred-year-old, classic CSF physiology hy- 
pothesis, and have suggested a new one (9-1 6). According 
to this new hypothesis, interstitial fluid (ISF) and CSF are 
created by water filtration through the arterial capillary 
walls across the entire central nervous system (CNS). At 
the same time, plasma osmolytes are being accumu- 



lated inside the capillaries, which generates osmotic coun- 
terpressure crucial for the process of ISF/CSF water absorp- 
tion into the venous capillaries and postcapillary venules. 
Thus, we can conclude that osmotic and hydrostatic forces 
are the main factors in the regulation of ISF-CSF volume. 
If we have in mind the fluid exchange capacity, it is rea- 
sonable to say that the choroid plexuses are less likely to 
be a relevant site for this process, and that this is proba- 
bly the role of cerebral and spinal capillaries. A constant 
substances exchange takes place between the CSF system 
and the adjacent tissue. This process is under influence of 
pathophysiological conditions inside the CSF compart- 
ments. Therefore, CSF secretion cannot take place in only 
one of these compartments (brain ventricles), and this is 
also unlikely to be the case with absorption (predominant- 
ly inside the cortical subarachnoidal space). This hypoth- 
esis (9-1 1) has recently been tested by water influx into the 
CSF in aquaporin-1, aquaporin-4 knockout, and wild-type 
mice using a newly developed water molecular MRI tech- 
nique based on JJ vicinal coupling between ,7 0 and adja- 
cent protons, and water molecules proton exchange (17). 
The findings have strongly supported the new hypothesis 
that water movement within the pericapillary spaces, rath- 
er than within choroid plexuses and arachnoid villi, is es- 
sential for CSF homeostasis. 

The recent understanding of CSF physiology has been de- 
veloped from the quantitative utilization of the ventricu- 
lo-cisternal perfusion method. Since other methods have 
mainly been abandoned, or are used very rarely (9), the 
aim of this article is primarily to reevaluate the ventric- 
ulo-cisternal perfusion method, which is today the only 
generally accepted method used for determination of the 
CSF formation rate (18,1 9). This method produced experi- 
mental results that were used to confirm the classic CSF 
physiology hypothesis and therefore represent its foun- 
dation. The method has been considered to be a precise 
physiological approach for studying cerebrospinal fluid 
secretion (18), and Cutler et a! (19) have concluded that: 
"Important advances in understanding of cerebrospinal 
fluid physiology have been made since the introduction 
of a method for perfusion of the Pappenheimer et al (20). 
This technique has permitted accurate measurement of 
both the rate of formation and rate of absorption...." Al- 
though the method itself still represents the headstone 
of the classic CSF physiology hypothesis, the question 
is whether the situation is the same after fifty years, and 
whether the method can withstand criticism of new sci- 
entific results. This question will be thoroughly analyzed 
further in the article. 
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VENTRICULO-CISTERNAL PERFUSION METHOD 

This method was developed by Pappenheimer et al (20) 
and Heisey et al (21) on goats, but it has been used on 
many other experimental animals and in humans. Perfu- 
sion is performed from the lateral brain ventricle to the cis- 
terna magna (CM) (ventriculo-cisternal perfusion; Figure 1) 
using a mock CSF that contains a marker (inulin, albumin, 
dextran, etc). Determination of CSF formation is based on 
the assumption that marker dilution in perfusate occurs 
due to CSF secretion within the brain ventricles (LV), imply- 
ing that higher CSF secretion increases marker dilution. 

The brain ventricles perfusion from the lateral ventricle to 
the CM can begin after introducing an inflow metal can- 
nula into the lateral brain ventricle, and an outflow cannula 
into the CM. The inflow cannula is attached to a T-shaped 
connector, and for the purpose of CSF pressure measure- 
ment is on the one side connected to a manometer (poly- 
graph) via polyethylene tubing and on the other to a sy- 
ringe containing artificial fluid with the diluted marker. The 
syringe is fixed on the perfusion pump that allows the ar- 
tificial fluid containing the marker (inflow perfusate; V.) to 
flow into the lateral ventricle at a constant perfusion rate 
(uL/min). The outflow cannula is connected to a plastic 
tube, through which the outflow perfusate is collected 
from the brain ventricles and the CM (V uL/min Figure 
1). Perfusion is performed under a certain hydrostatic CSF 
pressure that can be adjusted by setting the end of the 
outflow polyethylene tubing above (positive pressure) or 
below (negative pressure) the external auditory channel, 




FIGURE 1 .The ventriculo-cisternal perfusion in goats showing 
the position of the cannula for the infusion of artificial cerebro- 
spinal fluid into the left lateral ventricle and the cannula in the 
cistern magna for the collection of outflow perfusate. 



whose level is assumed to be a zero value of the hydro- 
static CSF pressure. 

The method itself is indirect, since the newly formed CSF 
is not directly measured, but the rate of CSF formation is 
calculated by marker dilution (for example inulin) in the 
outflow perfusate. Considering the importance of V f and V a 
calculation by Heisey et al (21 ) for CSF physiology, we will 
cite this part of their article: 

" Rate of Formation of CSF in the ventricle, V 

Evidence will be presented that diffusion of inulin from the 
ventricular system is negligible; almost all inulin lost from 
CSF can be accounted for by bulk absorption distal to the 
fourth ventricle. It follows that any dilution of inulin during 
passage through the ventricles results from newly formed 
inulin-free fluid. Stated mathematically 

V r=V, (c, - c o )/c o (I) 

An alternative form of equation (I) is 

V, = C +V -V. (II) 

f In o r ' 

Rate of Bulk Absorption of Fluid, V 

If net loss of inulin can only occur by bulk absorption distal 
to the fourth ventricle, then 

V =(V c - V c o )/c o = clearance of inulin, C |n (III) 

Clearance of inulin from the CSF system may be compared 
with glomerular elimination of inulin in the kidney. Renal 
clearance of inulin is a measure of bulk filtration at the 
glomerulus; CSF clearance of inulin is a measure of bulk 
absorption distal to the fourth ventricle," 

where l / =rate of flow, mL/min; . and = subscript referring 
to inflow and outflow; ^concentration, quantity per mil- 
liliter; f and = subscript referring to formation and bulk ab- 
sorption of fluid. 

Since the equations were elaborated on the basis of a well- 
known principle for glomerular filtration quantity calcula- 
tion using inulin clearance in renal physiology, it is very 
important to analyze and compare the physiological con- 
ditions inside the kidney and CSF system during the use 
of both methods. The conditions of ventriculo-cisternal 
perfusion are thoroughly described above. Let us 



www.cmj.hr 



320 



CEREBROSPINAL FLUID PHYSIOLOGY AND MOVEMENT 



Croat Med J. 2014;55:317-27 



now briefly describe the method for inulin clearance cal- 
culation in renal physiology. Inulin is applied intravenously 
to the patient, who afterwards urinates into a special con- 
tainer. After some time, a certain volume of venous blood 
is taken as a sample, and urine collection is stopped. Inulin 
concentration in both blood and urine is calculated and 
the volume of collected urine is measured. Glomerular fil- 
tration volume is equal to inulin clearance, since all of the 
glomerular filtrate is cleared from inulin. Therefore, based 
on the data regarding inulin concentration in the blood, in- 
ulin concentration in the urine, volume of collected urine, 
and the period required for its collection, one can calculate 
inulin clearance, ie, glomerular filtration (GF). The mathe- 
matical equation is the following: 

K=Vxll/P [3] 

where K = plasma clearance; V=volume of urine excreted 
in minutes (mL/min); U = inulin concentration in plasma 
(mg/mL); P= inulin concentration in urine (mg/mL). 

If we compare these two methods, it is crucial to empha- 
size the following: while calculating inulin clearance (in re- 
nal physiology), inulin is being administered intravenously, 
and after some time the blood sample is collected. In the 
meantime, the patient spontaneously urinates and urine is 
collected. Hence, inulin from the blood is transported (fil- 
tered) to the kidneys, where it is spontaneously eliminated 
via urine into the bladder, and afterwards collected into a 
special kind of canister. 

During ventriculo-cisternal perfusion, after animals have 
been anaesthetized the inflow and outflow cannulas are in- 
troduced into the CSF system (Figure 1 ). Inulin (marker sub- 
stance diluted in the artificial CSF) is administered into the 
CSF system using an infusion pump (certain perfusion fluid 
rate; uL/min), which causes the perfusate to flow (unidirec- 
tional circulation) from the inflow cannula positioned in- 
side the lateral ventricle to the outflow cannula positioned 
inside the CM, finally leading (through a plastic cannula) 
into the plastic tube (Figure 1). And while for renal inulin 
clearance calculation, blood circulation and urine excretion 
(physiological processes) are used, ventriculo-cisternal per- 
fusion calculation is based on the circulation of the artificial 
CSF through the CSF system, as well as on the outflow per- 
fusate with test substances collected into the plastic tube. 
This process is a consequence of an infusion pump activity, 
ie, artificial instead of the natural/physiological CSF circu- 
lation is used. Thus, inulin clearance in renal physiology 
is a physiological method, while ventriculo-cisternal 



perfusion is an artificial method. Moreover, such artificial 
perfusion is in a disaccord with CSF physiology (CSF cir- 
culation, but also CSF formation and absorption). In other 
words, a clearly nonphysiological method has become the 
generally accepted method for the study of CSF physiology 
(CSF formation and absorption), which creates a controver- 
sy. Furthermore, certain postulates must be satisfied in or- 
der to use this method: 1 ) all CSF must be formed within the 
ventricles; if any CSF is formed outside of the ventricles, that 
"outside" CSF will not dilute the marker substance in the out- 
flow perfusate, and the calculated V f will be "falsely" smaller; 
2) all CSF must be absorbed outside the ventricles; if any CSF 
is absorbed within the brain ventricles, the amount of the 
formed CSF would be reduced by the amount of the CSF 
absorbed within the ventricles; 3) marker substance cannot 
be absorbed from the CSF system into the brain tissue and 
the blood circulation between the inflow and outflow can- 
nula; if it is absorbed, this will lead to marker"dilution,"which 
will result in a "falsely" higher V f ; 4) CSF formation must not 
depend on the perfusion rate and hydrostatic pressure un- 
der which perfusion is performed; namely, CSF formation is 
an active process that should not be affected by these pa- 
rameters; 5) only a substance that is not present inside the 
CSF can be used as a marker substance. 

It should be stressed thatthese conditions are based main- 
ly on the classic hypothesis according to which CSF is se- 
creted exclusively inside the brain ventricles, absorbed ex- 
clusively on the brain surface outside the ventricles, and 
circulates between those two spaces. It should also be 
pointed out that these conditions are taken as indisput- 
able scientific facts, and not as unverified presumptions. 
Therefore, this represents a scientific discrepancy: param- 
eters which have yet to be confirmed as scientific facts, 
already exist as ultimate requirements necessary for this 
method to be used. 

Although these considerations put into question the ven- 
triculo-cisternal method, further effort should be invested 
into the evaluation of the conditions for the CSF formation 
and absorption calculation. Our attention will primarily be 
focused on the evaluation of CSF formation (V f ) calcula- 
tion, although each evaluation of CSF formation is simulta- 
neously an evaluation of CSF absorption, which is derived 
from equation [1] we have already discussed: 

V f =V [1] 

Using the ventriculo-cisternal perfusion method under 
physiological conditions, the equation [1] must be: 
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V r + V=V +V [4] 

f i a 0 

where V. is the infused volume and V is collected volume 

o 

of perfusate, which means that the amount of the CSF 
that is formed and the amount of infused perfusate must 
be equal to the amount of the absorbed CSF and the vol- 
ume of perfusate that is collected in the plastic tube. From 
equation [4], it could be calculated that: 

V =V f + V -V [5] 

a f i o L J 

Thus, equation [5] makes it obvious that if the V f value is in- 
correct then the V value also cannot be correct. In other 

a 

words, incorrect V f values also discredit V values. The same 
argument (incorrect V f means incorrect V ) can also be ap- 
plied to the original equations (equation 2 and 3) for CSF ab- 
sorption calculation by Heisey et al (21). Therefore, let us re- 
turn to the evaluation of V f calculation by ventriculo-cisternal 
perfusion method using the equation of Heisey et al (21). 

EVALUATION OF VENTRICULO-CISTERNAL PERFUSION 
POSTULATES 

Although ventriculo-cisternal perfusion method for V f mea- 
surement is widely used, assumptions have not been criti- 
cally and thoroughly evaluated. V f and V have been calcu- 
lated in experiments on dogs (22) and cats (1 6) by perfusion 
in isolated brain ventricles. In these experiments, the site of 
CSF formation (brain ventricles) has been separated from the 
site of CSF absorption (subarachnoid space), which accord- 
ing to the postulates of this method should show the total 
amount of secreted CSF (V f ), but the amount of absorbed 
CSF (V) should be zero. Namely, as it has been previously 
mentioned, ventriculo-cisternal perfusion method could be 
used only if the entire CSF was produced inside the ventricles 
and absorbed outside of them. However, it was found that, 
at physiological CSF pressure, only about one third of the to- 
tal CSF was formed inside the brain ventricles (V f = 1 6.00 \i\J 
min in dogs and 4.50 uL/min in cats) and that CSF absorp- 
tion took place within the ventricles as well as in the suba- 
rachnoid space. In other words, it is obvious that CSF is also 
formed outside the ventricles, and that it is also absorbed 
inside of them. Furthermore, at physiological CSF pressure, 
the amount of CSF formed inside the ventricles is equal to 
the CSF amount absorbed inside of them (16), which is in 
disagreement with the key postulates for the V f and V calcu- 
lation using ventriculo-cisternal perfusion method. 

Since it was assumed (20,21) that marker substance dilu- 
tion is a consequence of newly formed CSF, its other pos- 



sible causes have been disregarded. Furthermore, it is well 
known that a marker can move from the CSF into the brain 
parenchyma (5,23-26) and that inulin and other mark- 
er substances (27-29) enter rapidly into perivascular CNS 
spaces, reach a very large surface area of capillaries, and, by 
slow diffusion across microvascular walls, reach the blood- 
stream to be rapidly eliminated through urine (30,31). 
Therefore, an error in the interpretation of the marker dilu- 
tion degree by absorption into the brain parenchyma will 
result in false calculation of CSF formation rate. 

The calculation of net CSF formation should, according to 
the classic hypothesis, also be independent from the per- 
fusion rate and intracranial pressure, since V f is considered 
to be an active and energy-consuming process. CSF secre- 
tion should be carried out against the intracranial pressure 
(ICP), especially because a force weaker than 30 cm H 2 0 
(the limit within which the experiments were performed) is 
not sufficient to affect an active process (32). However, dur- 
ing ventriculo-cisternal perfusion with perfusate contain- 
ing 3 H-water and blue dextran (m.w. 2x 10 6 ), a hydrostatic 
pressure increase in the perfusate from negative (-10 cm 
H 2 0) to positive (+20 cm H 2 0) values had opposite effects 
on these two substances: increase in blue dextran and de- 
crease in 3 H-water concentration (26). If we take into ac- 
count that it was demonstrated that a significant bulk ab- 
sorption of 3 H-water occurred within the brain ventricles, 
all of these losses of the marker substance from the per- 
fusate and changes in marker concentration caused by the 
loss of water/CSF (since 99% of CSF is water) (14) should 
result in an incorrect calculation of the net CSF formation. 
Other studies have also demonstrated that hydrostatic CSF 
pressure changes cause alterations in CSF formation rate 
in a way that the pressure increase significantly diminish- 
es the calculated CSF formation (V f ) (1 6,1 9,33-36). Further- 
more, although experimental studies on CSF formation 
have used a wide range of different perfusion rates (21,37), 
it should be expected that a constant CSF formation (V f ) 
rate is calculated. In other words, a change in the perfu- 
sion rate should not cause a change in calculated V f How- 
ever, ventriculo-cisternal perfusion in cats showed that an 
increase in the perfusion rate (from 32.0 to 65.5, to 1 25.0, 
and to 252.0 uL/min) significantly decreased the calculated 
CSF formation rate (37). These results indicate that different 
intensity of marker mixing with native CSF at different per- 
fusion rates probably causes a defect in the method (37). 

Figure 2 shows the usual distribution of marker sub- 
stance (for example blue dextran) during perfusion. It 
can be noticed that there is a mixing problem (the 
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ventride ventricle 



FIGURE 2. The distribution of marker substances during ventriculo-cisternal per- 
fusion in cats. The black points show an equal marker distribution inside the left 
lateral, third and fourth ventricle, and a partial distribution in the contralateral 
ventricle, brain tissue, and cranial and caudal cerebrospinal fluid subarachnoid 
space about the cisterna magna. 

substance is not equally mixed with CSF in all of the per- 
fused parts). A portion of the marker substance goes into 
the tissue, a portion slowly reaches the contralateral ven- 
tricle, and a portion flows around the outflow cannula into 
the cranial and spinal subarachnoid space, which causes 
dilution of input perfusate. All of these processes, after a 
certain perfusion period, result in an almost constant out- 
put concentration of marker substance, but with perma- 
nent slow marker dilution during the experiment. How- 
ever, when perfusion conditions such as outflow pressure 
or rate of perfusion are changed, the marker substance 
concentration in the outflow perfusate also changes sig- 
nificantly. The interference of hydrostatic CSF pressure and 
perfusion rate with calculated V f discredits the ventriculo- 
cisternal perfusion model as a method of V f calculation us- 
ing the equation derived from Heisey et al (21). This makes 
this method the least precise one. It is necessary to stress 
that so far no one has determined under which conditions 
(infusion rate and outflow pressure) ventriculo-cisternal 
perfusion should be performed. It could be concluded that 
the postulates necessary for the use of ventriculo-cisternal 
perfusion method and equation for calculation of CSF for- 
mation (V f ) are not satisfied. 

EXPERIMENTAL CONDITIONS WHICH DISCREDIT THE 
VENTRICULO-CISTERNAL PERFUSION AS A METHOD 
FOR DETERMINATION OF CSF FORMATION 

Using ventriculo-cisternal perfusion method to measure 
the CSF formation rate in the rhesus monkey, rate 



changes have been observed when none were expected 
(34). The most puzzling finding has been the decline of V f 
for 4% each hour during the final five hours of perfusion, 
although the variables known to affect V f remained stable 
(34). The reason for these unexpected results remains ob- 
scure and the reduction may be an artifact of the method. 

Furthermore, since the method is indirect and depends on 
marker dilution by "newly formed CSF" and since a marker 
can pass from the CSF into the brain parenchyma (5,23- 
26), V f should be calculated in any part of the CSF system 
that will be perfused. Except the most frequent type of 
ventriculo-cisternal perfusion method, other types of per- 
fusion have been performed in the CSF system of cats and 
dogs - lateroventricular-lateroventricular, ventriculo-aq- 
ueductal, cortico-cisternal, corticofrontal-corticofrontal, 
cervical-lumbosacral, and lumbosacral-cervical (Figure 3) 
(1 5,1 6,22,38-40), and in each of these models a significant 
amount of net CSF formation has been calculated. So, we 
can actually show that CSF is formed inside the ventricles 
(if we perfuse the ventricles; Figure 3 A and B), but also in- 
side the cortical and spinal subarachnoid space (if we per- 
fuse these parts of the CSF system; Figure 3 C and D).Thus, 
we can show CSF formation using the equation of Heisey 
et al (21) anywhere (in whichever segment someone de- 
cides to perfuse) because, due to various factors, marker 
dilution will occur in any case. 

In order to evaluate the ventriculo-cisternal perfusion 
method and V f calculation using the equation from Heisey 
et al (21), two types of experiments have been done: on 
animals (sacrificed cats in which anatomical relations were 
preserved) and on a plastic cylinder, a model that complies 
completely with all of the postulates necessary for ventric- 
ulo-cisternal perfusion. Namely, dextran molecules can- 
not diffuse into the surrounding space, and they will mix 
with the fluid inside the cylinder (41). The entire outflow 
perfusate will be collected (no dextran molecules will flow 
around the cannula as in the real animal model), and there 
will be no absorption inside the syringe. 

The results obtained in sacrificed cat model showed per- 
sisting CSF formation (between 3.0 and 5.0 uL/min) even 
80 minutes after the animal sacrifice (41). As CSF could not 
possibly be formed in dead animals, it is possible that a 
method error is in question. Furthermore, the plastic cylin- 
der model showed that even when the CSF "secretion" was 
imitated by the infusion of mock CSF into the cylinder with 
the help of another infusion pump, the calculated V f did 
not correlate to the secretion result that must be correct 
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as it was "secreted" by the pump, ie, V f =40.6± 1 .1 nL/min, 
but was significantly higher (V f =46.5±3.2; 41). If this oc- 
curred in dead animals and in a plastic cylinder, the ques- 
tion arises as to what exactly the perfusion process does 
in live animals. 

SOME CONTRADICTIONS IN CALCULATION OF CSF 
ABSORBTION 

As has been mentioned, a false calculation of the CSF for- 
mation rate by ventriculo-cisternal perfusion method will 
result in a false calculation of CSF absorption rate (equation 
5). In other words, criticism of V f is also criticism of V and 
everything that has been said about CSF formation can be 
said about CSF absorption. Nevertheless, it is necessary to 
comment on illogical and hardly explicable experimental 
V results obtained using ventriculo-cisternal perfusion 
and the equation derived from Heisey etal (21). 

The results of V r and V calculation during ventriculo-cis- 
ternal perfusion with dextran blue in cats at negative (-10 
cm H 2 0) and positive hydrostatic pressure (+20 cm H 2 0) 
are shown in Figure 4. Elevation of hydrostatic pressure 
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FIGURE 4. The calculated rate of formed (V f ) and absorbed (V ) 
cerebrospinal fluid (CSF) during ventriculo-cisternal perfusion 
with blue dextran at negative (-10 cm H 2 0; empty columns) 
and positive (+20 cm H 2 0; striped columns) hydrostatic pres- 
sure. Each empty column represents the mean value of 1 6 
and a striped column of 1 5 outflow samples from three cats. 
The vertical lines represent the standard error of the mean 
(*P< 0.001; from Oreskovic; 50) 




FIGURE 3. Different types of cerebrospinal fluid system perfusion methods in cats (A and B) and dogs (C and D). 
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from -10 to +20 cm H 2 0 resulted in a substantial V f de- 
crease and V a increase. V r changes related to the hydro- 
static pressure are described above, but it is interesting 
to notice that at negative pressure (-1 0 cm H 2 0), negative 
CSF absorption was obtained (-V; -9.8 ul_/min).The exact 
meaning of this result from a pathophysiological point of 
view is not clear, except that it is a possible artifact of the 
method. It should be emphasized that the same results 
(negative value for CSF absorption; -V) were obtained 
in other studies (18,19,42,43), but they were neither dis- 
cussed nor explained. 

Furthermore, according to the classic hypothesis, there 
must be a hydrostatic pressure gradient between CSF 
pressure and blood pressure inside the venous sinuses for 
passive CSF absorption to occur. Absorption inside the CSF 
system takes place only when the CSF pressure is higher 
than 7 cm H 2 0, ie, under this pressure the CSF absorption 
stops (2,18,19). However, in some experiments V has been 
calculated in different animals under hydrostatic pressures 
at which passive absorption of CSF into the venous blood 
would be impossible (44-46). These results of CSF absorp- 
tion, calculated using ventriculo-cisternal perfusion meth- 
od, cannot be explained by or fitted into the classic hy- 
pothesis of CSF physiology, thus discrediting not only the 
method and the equation for calculating V, but also the 
classic hypothesis itself. 

To summarize, if we are to obtain a correct CSF formation 
rate (V f ) by using the equation of Heisey et al (21) it is of 
utmost importance that CSF is secreted only inside the 
ventricles and absorbed only outside of them, and that 
the concentration of marker substance can be changed 
only by newly formed CSF. However, by using this kind 
of indirect method it can be demonstrated that CSF is 
formed and absorbed in all parts of the CSF system, and 
that the change of marker substance concentration is not 
only caused by "newly formed CSF." Namely, marker dilu- 
tion could additionally be a consequence of the marker 
substance absorption into the surrounding ventricular tis- 
sue, as well as of an inflow (1 0,47) or outflow (1 4) of wa- 
ter from the brain ventricles. It could also be a result of 
different distribution of marker substance throughout the 
CSF system (Figure 2). All this, together with the calculated 
negative results for CSF absorption (-V) and a significant 
CSF absorption rate in conditions where CSF absorption 
should not exist, seriously discredits ventriculo-cisternal 
perfusion, and the equations for V f and V calculation, 
as a method that can reliably represent CSF formation 
and absorption. 



WHAT IS REALLY MEASURED IN CSF SYSTEM BY 
PERFUSION METHOD? 

In order to explore if CSF formation is actually measured 
inside the CSF system, we had to take another approach, 
which better corresponds to the physiological conditions 
than the classic hypothesis. We introduced a new model, 
which allowed us to directly observe the CSF volume for- 
mation if it really exists. Therefore, in anesthetized cats the 
cannula is introduced through a tunnel made inside the 
cerebellar vermis and into the aqueduct of Sylvius, which 
opens into the IV ventricle. Then the system is hermetically 
closed to prevent CSF leakage and the influence of atmo- 
sphere (Figure 5) (9,15). The external orifice of the cannula 
is set at the physiologic pressure level, ie, at the value of 
CSF pressure measured in the CM through the skin, in a cat 
sphinx position just before any surgical treatment (around 
8 cm H 2 0). If we take into account that CSF is secreted 
predominantly inside the brain ventricles and absorbed 
predominantly in the subarachnoid space, it is reasonable 
to assume that under normal CSF pressure it should cir- 
culate through the aqueduct of Sylvius, and in our model, 
through the plastic cannula positioned in the aqueduct. 
This means that CSF outflow through the external cannula 
adjusted to the normal CSF pressure values should visually 
have the direction that corresponds to the CSF flow direc- 
tion from the ventricles to the subarachnoid space. CSF 
formation rate is calculated by dividing the collected CSF 
volume with the time of collection. In this way artificial 
circulation (in the case of ventriculo-cisternal perfusion 
caused by the rate of infusion pumps; Figure 1) is avoided, 
and there is no interference with the possible native CSF 
circulation rate inside the CSF system. In our experiments, 
close attention has been paid that CSF collection is car- 
ried out under physiological CSF pressure. Therefore, col- 
lection process is started only after the cannula has been 
filled by the fluid and physiological CSF pressure (around 
8 cm H 2 0) has been achieved. However, during the collec- 
tion time of 1 , 2, or 3 hours no CSF was observed running 
out from the system. Only small pulsatile movements of 
the CSF at the end of the cannula were detected (1 5,48). 
In other words, this direct method requires no postulates 
to be satisfied, no marker substance, no equations for V f 
calculation, no interference with native CSF circulation 
and it shows that there is no net CSF formation and unidi- 
rectional CSF flow (circulation). This model was tested by 
using a pump that infused artificial fluid into the LV (imita- 
tion of "CSF secretion"), which showed that the volume of 
infused fluid can be accurately measured. In other words, 
the exact fluid volume that was infused into the LV was 
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FIGURE 5. The new experimental method for direct (visual) 
measurement of cerebrospinal fluid (CSF) formation in cats. 
The cannula placed into the tunnel inside the cerebellar 
vermis and into the aqueduct of Sylvius is hermetically closed 
and used for spontaneous CSF collection at physiological CSF 
pressure. 

collected into the test tube through the outflow cannula 
(Figure 5) (15). 

CONCLUSION 

Finally, we can conclude that ventriculo-cisternal perfusion 
is not a precise physiological method for studying cerebro- 
spinal fluid formation and absorption rate. Primarily, the 
postulates necessary for calculation using the equation of 
Heisy et al (21) are not satisfied. The method is indirect be- 
cause it is based on the assumption that marker dilution in 
perfusate occurs due to CSF secretion within the brain ven- 
tricles, and therefore, it is a crucial criterion of CSF forma- 
tion. Since marker dilution in the CSF system can happen 
due to many reasons other than the newly formed CSF, the 
calculated results will be incorrect. The method itself will 
always give some kind of result by which CSF formation 
rate can be calculated (when V f is studied in dead and live 
animals in in vitro experiments, during perfusion of any 
part of the CSF system, etc). If we also take into consid- 
eration the results obtained by the direct method, which 
showed that there was no net CSF formation and circula- 
tion, it can be concluded that ventriculo-cisternal perfu- 
sion method does not represent the CSF formation and 
absorption rate. In other words, ventriculo-cisternal perfu- 
sion is not a method that will give reliable answers about 
the existence of CSF formation and absorption. 

All of this is in accordance with our new hypothesis (9-1 2) 
on CSF homeostasis/physiology, which proposes that CSF 



is produced and absorbed throughout the entire CSF sys- 
tem, and that the brain and spinal cord perivascular spac- 
es and capillary network play a critical role in the filtration 
and reabsorption of water volume (9-12,17,49). In other 
words, there is a permanent fluid and substance exchange 
between the CSF system and the surrounding tissue, de- 
pending on the pathophysiological conditions that pre- 
dominate within these compartments. 

Acknowledgment We thank Milan Rados, MD, PhD for drawing the figures. 

Funding This work was supported by the Ministry of Science, Education and 
Sport of the Republic of Croatia (Projects: 1 . Hydrodynamics of cerebrospi- 
nal fluid. No. 098-1080231-2328; and 2. Pathophysiology of cerebrospinal 
fluid and intracranial pressure. No. 108-1080231-0023). 

Ethical approval Not required. 

Declaration of authorship MK and DO planned and carried out the re- 
search and wrote the manuscript. 

Competing interests MK is a Vice Dean of the University of Zagreb School 
of Medicine, one of the owners of the Croatian Medical Journal. To ensure 
that any possible conflict of interest relevant to the journal has been ad- 
dressed, this article was reviewed according to best practice guidelines of 
international editorial organizations. All authors have completed the Uni- 
fied Competing Interest form at www.icmje.org/coi_disclosure.pdf (avail- 
able on request from the corresponding author) and declare: no support 
from any organization for the submitted work; no financial relationships 
with any organizations that might have an interest in the submitted work in 
the previous 3 years; no other relationships or activities that could appear to 
have influenced the submitted work. 

References 

1 Sakka L, Coll G, Chazal J. Anatomy and physiology of cerebrospinal 
fluid. Eur Ann Otorhinolaryngol Head Neck Dis. 201 1 ;1 28:309-1 6. 
Medline:22100360doi:10.1016/j.anorl.201 1.03.002 

2 Pol lay M. The function and structure of the cerebrospinal 
fluid outflow system. Cerebrospinal Fluid Res. 2010,7:9. 
Medline:20565964doi:10.1 186/1 743-8454-7-9 

3 Koh L, Zakharov A, Nagra G, Armstrong D, Friendship R, Johnston 
M. Development of cerebrospinal fluid absorption sites in the 
pig and rat: connections between the subarachnoid space and 
lymphatic vessels in the olfactory turbinates. Anat Embryol (Berl). 
2006;21 1:335-44. Medline:1 652851 7 doi:10.1007/s00429-006- 
0085-1 

4 Johnston M, Zakharov A, Koh L, Armstrong D. Subarachnoid 
injection of Microfil reveals connections between cerebrospinal 
fluid and nasal lymphatic in the non-human primate. Neuropathol 
Appl Neurobiol. 2005;31:632-40. Medline:16281912 doi:10.1 1 11/ 
j.1365-2990.2005.00679.x 

5 Davson H, Welch K, Segal MB. Physiology and pathophysiology of 
the cerebrospinal fluid. Edinburgh: Churchill-Livingstone; 1987. p. 
1013. 

6 Bradbury MW. Lymphatics and central nervous system. Trends 
Neurosci. 1 981 ;4:1 00-1 . doi:1 0.1 01 6/01 66-2236(81 )90032-1 

7 Brierly JF, Field EJ. The connections of the cerebrospinal fluid space 
with the lymphatic system. J Anat. 1 948;82:1 53-66. 

8 Dandy WE. Where is cerebrospinal fluid absorbed? JAMA. 



www.cmj.hr 



326 



CEREBROSPINAL FLUID PHYSIOLOGY AND MOVEMENT 



Croat Med J. 2014;55:317-27 



1 929;92:201 2-4. dohl 0.1 001 /jama. 1 929.02700500024008 

9 Oreskovic D, Klarica M. The formation of cerebrospinal fluid: 
nearly a hundred years of interpretations and misinterpretations. 
Brain Res Rev. 2010;64:241-62. Medline:20435061 doi:10.1016/j. 
brainresrev.201 0.04.006 

1 0 Klarica M, Mise B, Vladic A, Rados M, Oreskovic D. "Compensated 
hyperosmolarity" of cerebrospinal fluid and the development of 
hydrocephalus. Neuroscience. 201 3;248:278-89. Medline:2380671 0 
doi:1 0.1 01 6/j.neuroscience.201 3.06.022 

1 1 Bulat M, Klarica M. Recent insights into a new hydrodynamics 
of the cerebrospinal fluid. Brain Res Rev. 201 1;65:99-1 12. 
Medline:2081 7024 doi:1 0.1 01 6/j.brainresrev.201 0.08.002 

12 Oreskovic D, Klarica M. Development of hydrocephalus and 
classical hypothesis of cerebrospinal fluid hydrodynamics: facts 
and illusions. Prog Neurobiol. 201 1;94:238-58. Medline:21641963 
doi:1 0.1 01 6/j.pneurobio.201 1 .05.005 

1 3 Klarica M, Oreskovic D, Bozic B, Vukic M, Butkovic V, Bulat M. 
New experimental model of acute aqueductal blockade in cats: 
Effects on cerebrospinal fluid pressure and the size of brain 
ventricles. Neuroscience. 2009;1 58:1 397-405. Medline:1 91 1 1 908 
doi:1 0.1 01 6/j.neuroscience.2008.1 1 .041 

14 Bulat M, Lupret V, Oreskovic D, Klarica M.Transventricular 
and transpial absorption of cerebrospinal fluid into 
cerebral microvessels. Coll Antropol. 2008;32 Suppl 1:43-50. 
Medline:1 8405057 

1 5 Oreskovic D, Klarica M, Vukic M. The formation and circulation 
of cerebrospinal fluid inside the cat brain ventricles: a fact or 
an illusion? Neurosci Lett. 2002;327:103-6. Medline:1 2098646 
doi:1 0.1 01 6/S0304-3940(02)00395-6 

16 Oreskovic D, Whitton PS, Lupret V. Effect of intracranial pressure 
on cerebrospinal fluid formation in isolated brain ventricles. 
Neuroscience. 1991;41:773-7. Medline:1 870711 doi:1 0.1 016/0306- 
4522(91 J90367-W 

17 Igarashi H,Tsujita M, Kwee IL, NakadaT. Water influx into 
cerebrospinal fluid is primarily controlled by aquaporin-4, 
not by aquaporin-1 : 1 70 JJVCPE MRI study in knockout mice. 
Neuroreport. 2014;25:39-43. Medline:24231830 

18 Lorenzo AV, Page LK, Waters GV. Relationship between 
cerebrospinal fluid formation, absorption and pressure in 
human hydrocephalus. Brain. 1970;93:679-92. Medline:5490271 
doi:1 0.1 093/brain/93.4.679 

19 Cutler RW, Page L, Galicich J, WattersGV. Formation and 
absorption of cerebrospinal fluid in man. Brain. 1968;91:707-20. 
Medline:5304069 doi:1 0.1 093/brain/91 .4.707 

20 Pappenheimer JR, Heisey SR, Jordan EF, Downer Jde C. Perfusion 
of the cerebral ventricular system in anaesthetized goats. Am J 
Physiol. 1962;203:763-74. 

21 Heisey SR, Held D, Pappenheimer JR. Bulk flow and diffusion in the 
cerebrospinal fluid system of the goat. Am J Physiol. 1 962;203:775- 
81. Medline:! 3953498 



22 Bering EAJr. Sato O. Hydrocephalus: changes in formation and 
absorption of cerebrospinal fluid within the cerebral ventricles. 
J Neurosurg. 1 963;20:1 050-63. Medline:1 41 861 07 doi:1 0.3 171/ 
jns.1 963.20.1 2.1 050 

23 Bergsneider M. Evolving concepts of cerebrospinal 
fluid physiology. Neurosurg Clin N Am. 2001;12:631-8. 
Medline:l 1524285 

24 Curran RE, Mosher MB, Owens ES, Fenstermacher JD. Cerebrospinal 
fluid production rates determined by simultaneous albumin and 
inulin perfusion. Exp Neurol. 1 970,29:546-53. Medline:4992708 
doi:l 0. 1 0 1 6/001 4-4886(70)90079-8 

25 Fenstermacher JD, Patlak CS, Blasberg RG. Transport of material 
between brain extracellular fluid, brain cells and blood. Fed Proc. 
1974;33:2070-4. Medline:4214378 

26 Oreskovic D, Bulat M. Hydrostatic force in regulation of CSF 
volume. In: Avezaat CJJ, Van Eijndhoven JHN, Maas AIR, Tans JThJ, 
editors. Intracranial Pressure VIII. Berlin: Springer-Verlag; 1993. p. 
731-4. 

27 lliff JJ, Wang M, LiaoY, Plogg BA, Peng W, Gundersen GA,etal. 
A paravscular pathways facilitates CSF flow through the brain 
parenchyma and the clearance of intersticial solutes, including 
amyloid (J.SciTransI Med. 2012;4:1-ra1 1 1. Medline:22896675 
doi:10.1126/scitranslmed.3003748 

28 lliff JJ, Lee H, Yu M, FengT, Logan J, Nedergaard M, et al. Brain-wide 
pathway for waste clearance captured by contrast-enhanced MRI. 
J Clin Invest. 201 3;1 23:1 299-309. Medline:23434588 doi:1 0.1 1 72/ 
JCI67677 

29 Rennels ML, Gregory TF, Blaumanis OR, Fujimoto K, Grady PA. 
Evidence for a "paravascular" fluid circulation in the mammalian 
central nervous system, provided by the rapid distribution of 
tracer protein throughout the brain from the subarachnoid space. 
Brain Res. 1985;326:47-63. Medline:3971 148 doi:1 0.1 01 6/0006- 
8993(85)91383-6 

30 Vladic A, Klarica M, Bulat M. Dynamics of distribution of 3H- 
inulin between the cerebrospinal fluid compartments. Brain 
Res. 2009;1 248:1 27-35. Medline:1 9007752 doi:1 0.1 01 6/j. 
brainres.2008.1 0.044 

31 Zmajevic M, Klarica M, Varda R, Kudelic N, Bulat M. Elimination of 
phenolsulfonphthalein from the cerebrospinal fluid via capillaries 
in central nervous system in cats by active transport. Neurosci 
Lett. 2002;321 :1 23-5. Medline:1 1 872271 doi:1 0.1 01 6/S0304- 
3940(01)02526-5 

32 Pollay M, Stevens A, Roberts PA. Alteration in choroid plexus blood 
flow and cerebrospinal fluid formation by increased ventricular 
pressure. In: Wood JH, editor. Neurobiology of cerebrospinal fluid 
2. New York: Plenum Press; 1 983. p. 687-695. 

33 Hochwald GM, Sahar A. Effect of spinal fluid pressure on 
cerebrospinal fluid formation. Exp Neurol. 1971;32:30-40. 
Medline:5095607doi:1 0.1 016/0014-4886(71)90162-2 

34 Martins AN, Newby N, Doyle TF. Sources of error in measuring 



www.cmj.hr 



Oreskovic and Klarica: Measurement of cerebrospinal fluid formation and absorption 



CM 



cerebrospinal fluid formation by ventriculocisternal perfusion. J 
Neurol Neurosurg Psychiatry. 1977;40:645-50. Medline:410910 
doi:10.1136/jnnp.40.7.645 

35 MilhoratTH, Hammock MK. Cerebrospinal fluid as reflexion of 
internal milieu of brain. In: Wood JH, editor. Neurobiology of 
cerebrospinal fluid 2. New York: Plenum Press; 1983. p. 1-23. 

36 Oreskovic D, Klarica M, Lupret V, Vukic M. The character of the 
cerebrospinal fluid production. Neurosci Res Commun. 2000;26:69- 
76. doi:l 0.1 002/(SICI)1 520-6769(200003/04)26:2<69::AID- 
NRC1>3.0.CO;2-S 

37 Oreskovic D, Klarica M, Vukic M, Marakovic J. Evaluation of 
ventriculo-cisternal perfusion model as a method to study 
cerebrospinal fluid formation. Croat Med J. 2003;44:1 61 -4. 
Medline:! 2698506 

38 Sato O, AsaiT, AmanoY, Hara M, Tsugane R.Yagi M. Extraventricular 
origin of cerebrospinal fluid: formation rate qualitatively measured 
in the subarachnoid space of dogs. J Neurosurg. 1 972;36:276-82. 
Medline:5059965 doi:10.3171/jns.1972.36.3.0276 

39 Sato 0, Hara M, AsaiT, Tsugane R, Kageyama N.The effect 
of dexamethasone phosphate on the production rate of 
cerebrospinal fluid in the spinal subarachnoid space of dogs. 
J Neurosurg. 1973;39:480-4. Medline:4730337 doi:1 0.3171/ 
jns.l 973.39.4.0480 

40 Sato O, Bering EA Jr, Yagi M, Tsugane R, Hara M, AmanoY, et 
al. Bulk flow in the cerebrospinal fluid system of the dog. Acta 
Neurol Scand. 1975;51:1-1 1. Medline:1 1 19314 doi:10.1 1 1 l/j.1600- 
0404.1975.tb0l354.x 

41 Oreskovic D, Marakovic J, Vukic M, Rados M, Klarica M. Fluid 
perfusion as a method of cerebrospinal fluid formation rate - 
Critical appraisal. Coll Antropol. 2008;32:1 33-7. Medline:1 8405072 

42 Pollay M. Review of spinal fluid physiology: Production and 
absorption in relation to pressure. Clin Neurosurg. 1977;24:254-69. 
Medline:338229 



43 Eisenberg HM, McLennan JE, Welch K. Ventricular perfusion in cats 
with kaolin induced hydrocephalus. J Neurosurg. 1974;41:20-8. 
Medline:48341 93 doi:1 0.3 1 71 /jns.l 974.41 .1 .0020 

44 Lorenzo AV, Hammerstad JP, Cutler RWP. Cerebrospinal 
fluid formation and transport of iodide and sulfate from the 
spinal subarachnoid space. J Neurol Sci. 1 970;1 0:247-58. 
Medline:5441553 doi:1 0.1 016/0022-51 0X(70)901 53-X 

45 Vela AR, Carey ME, Thompson BM. Further data on the acute effect 
of intravenous steroids on canine CSF secretion and absorption. 

J Neurosurg. 1 979;50:477-82. Medline:370350 doi:1 0.31 71/ 
jns.l 979.50.4.0477 

46 Chodobski A, Szmydynger-Chodobska J, McKinely MJ. 
Cerebrospinal fluid formation and absorption in dehydrated sheep. 
Am J Physiol. 1 998;275:F235-38. Medline:9691 01 3 

47 Bering EAJr. Water exchange of central nervous system and 
cerebrospinal fluid. J Neurosurg. 1 952;9:275-87. Medline:1 4939058 
doi:10.31 71/jns.l 952.9.3.0275 

48 Oreskovic D, Klarica M, Vukic M. Does the secretion and circulation 
of the cerebrospinal fluid really exist? Med Hypotheses. 

2001 ;56:622-4. Medline:! 1 388778 doi:1 0.1 054/mehy.2000.1 1 78 

49 Klarica M, Rados M, Erceg G, Petosic A, Jurjevic I, Oreskovic D. The 
influence of body position on cerebrospinal fluid pressure gradient 
and movement in cats with normal and impaired craniospinal 
communication. PLoS ONE. 201 4;9:e95229. Medline:247481 50 
doi:10.1371/journal.pone.0095229 

50 Oreskovic D. Effect of the hydrostatic pressure of the cerebrospinal 
fluid formation and absorption. PhD thesis. Zagreb: University of 
Zagreb; 1987. 



www.cmj.hr 



